High adiponectin concentrations have emerged as an independent risk factor of outcome in patients with CHF (chronic heart failure); however, modification of adiponectin in CHF patients has not been assessed to date. The aim of the present study was to investigate the effect of exercise training on adiponectin levels in CHF patients. A total of 80 patients with CHF due to systolic dysfunction were included. The effect of 4 months exercise training was studied in 46 patients, whereas the remaining 34 untrained CHF patients served as a sedentary control group. Circulating adiponectin concentrations, exercise capacity, anthropometric data and NT-proBNP (N-terminal pro-brain natriuretic peptide) levels were assessed. Adiponectin levels were significantly higher in CHF patients compared with healthy subjects [9.3 (7.1-16.1) and 4.9 (3.9-8.6) mg/l respectively; P = 0.015]. Stratification of CHF patients according to tertiles of NT-proBNP revealed an increase in adiponectin with disease severity (P < 0.0001). Exercise training reduced circulating adiponectin levels in CHF patients [10.7 (7.2-17.6) mg/l before training to 9.4 (5.9-14.8) mg/l after training; P = 0.013], whereas no changes were observed in the sedentary CHF group [9.0 (7.0-13.5) mg/l before training and 10.1 (6.0-15.7) mg/l after a similar time interval]. A significant time × group interaction (P = 0.008) was observed for the mean change in adiponectin between the trained and untrained CHF patients. Adiponectin concentrations were positively associated with NT-proBNP and HDL (high-density lipoprotein)-cholesterol and negatively correlated with BMI (body mass index), triacylglycerols and exercise capacity. In conclusion, circulating adiponectin concentrations are higher in CHF patients compared with healthy subjects and increase with disease severity. Exercise training for 4 months lowers circulating adiponectin levels.
INTRODUCTION
CHF (chronic heart failure) is a complex syndrome of haemodynamic and neurohormonal abnormalities.
A hyperadrenergic state, characteristic of CHF, initiates an adverse metabolic vicious cycle, whereby aberrant metabolism, such as insulin resistance, further detrimentally affects disease progression [2, 3] . In spite of therapeutic advances, mortality and morbidity in CHF are still unacceptably high. Inefficient cardiac energy utilization and metabolic impairment in general represent promising targets for CHF therapy [3] . Physical training has emerged as one of the most efficient ways of improving physical capacity and quality of life in CHF patients. In addition, exercise training provides anti-remodelling effects, and meta-analyses strongly suggest survival benefit [4] . From a pathophysiological point of view, the fact that exercise training modulates inflammation, neuro-endocrine activation and oxidative stress in these patients is highly relevant [5] [6] [7] [8] .
Adiponectin is an adipocyte-derived cytokine with insulin-sensitizing, anti-inflammatory and antiatherogenic properties [9] . Adiponectin levels are reduced in conditions such as Type 2 diabetes mellitus, obesity, the metabolic syndrome, hypertension and ischaemic heart disease, but increase following lifestyle adaptations such as weight loss or restricted energy intake. In contrast with these findings, in CHF increased circulating levels of adiponectin have emerged as an independent risk factor for morbidity and mortality [10] [11] [12] . The mechanisms underlying this inverse relationship remain unexplained. Several theories have been put forward, including adiponectin as a mere marker of disease severity [10, 13] , the compensatory rise of adiponectin in response to inflammatory and metabolic disturbances in CHF [14, 15] , the association between adiponectin and natriuretic peptides [10, 14, 16] and the existence of adiponectin resistance in CHF [17] .
Modification of adiponectin levels in CHF patients after intervention has not been studied previously. In the present study, we assessed circulating adiponectin concentrations in CHF patients, compared with controls, and evaluated the effects of a 4-month exercise training programme.
MATERIALS AND METHODS

Subjects and study design
A total of 80 consecutive patients with CHF and systolic dysfunction due to ischaemic or dilated cardiomyopathy were recruited from the Cardiac Rehabilitation Centre and the outpatient Heart Failure Clinic of the University Hospital of Antwerp. Patients were included in this prospective non-randomized single-centre study if (i) LVEF (left ventricular ejection fraction) was < 30 % (assessed by echocardiography); (ii) they were in NYHA (New York Heart Association) functional class II or III; and (iii) their symptoms had been stable on medical treatment for at least 1 month prior to inclusion. Exclusion criteria were: (i) recent acute coronary syndrome or revascularization (< 3 months), valvular disease requiring surgery, exercise-induced myocardial ischaemia or malignant ventricular arrhythmia, acute myocarditis or pericarditis; (ii) cerebrovascular or musculoskeletal disease preventing exercise testing or training; (iii) acute or chronic infections, allergies, cancer or inflammatory diseases; and (iv) diabetes mellitus. All data were assessed at baseline and after 4 months and consisted of clinical evaluation by a cardiologist (medical history, including medication used, NYHA classification based on patient information and physical examination), echocardiography, collection of fasting blood samples and CPET (cardiopulmonary exercise testing). Staff members were blinded to previous CPET results and the patients' participation and grouping. Medication remained unchanged during the study period.
The effect of exercise was studied in 46 CHF patients enrolled in a 4-months exercise training programme at the Cardiac Rehabilitation Centre. A total of 34 age-and gender-matched CHF patients, attending the outpatient Heart Failure Clinic, served as an untrained CHF control group. They had comparable disease severity, but were unable to attend the training programme because of, for example, logistical problems. The same data were assessed in these patients before and after a similar time interval of 4 months. Ten age-and gender-matched subjects served as a healthy baseline control group (no medication, no chronic underlying condition, no cardiac history and no allergic condition).
The study complies with the Declaration of Helsinki, the research protocol was approved by the local Ethics committee (Antwerp University Hospital), and written informed consent was obtained from all subjects.
Exercise training
Patients trained in hospital on an ambulatory base three times/week for 1 h. The training session started with 5 min of warming-up and concluded with a 5-min cooling down and stretching period. Two types of training programme were in clinical practice at the time of inclusion: ET (endurance training) and CT (combined endurance/resistance training). Both training protocols have been described in detail previously [18] . They are routinely used and are considered standard treatment at our Rehabilitation Centre. Depending on the patients' characteristics, such as severe muscle wasting, dynamic resistive exercises were incorporated into the training programme.
Briefly, for both CT-and ET-trained patients, an endurance training THR (target heart rate) was calculated as 90 % of the heart rate achieved at the anaerobic threshold. The initial resistance training intensity was set at 50 % of 1RM (1 repetitive maximum) (for the nine different muscle groups), with an increase to 60 % after 2 months. Repetitions were slowly increased from 1 × 10, 1 × 15, 2 × 10 to 2 × 15 repetitions. Between each series of repetitions, rest for 1 min was allowed. The ET group trained for 8 min on five different training devices (treadmill, bicycle, stair or step, arm-cycling, half recumbent or reclined cycling). When changing from one device to another, 2 min of recuperation time was introduced.
During the first 2 months, patients assigned to the CT group trained for almost 40 min on the Fitness equipment (Unica; Technogym), whereas only 10 min were spent on ET. The next 2 months, resistance training was reduced to 30 min (nine muscle groups, 2 × 15 repetitions each) and ET was increased to 2 × 8 min.
Measurements
CPET
Symptom-limited CPET was performed on a treadmill (Medical Jaeger) under non-fasting conditions and medication. Depending on age, NYHA class and LVEF, two protocols were used, aiming at an optimal exercise duration of 8-12 min. A ramp protocol starting with an equivalent of 20 or 40W and incremental steps of 10 or 20W/min respectively, was used. Breath-by-breath gas exchange measurements permitted determination ofVe (minute ventilation),Vo 2 (oxygen uptake) andVco 2 (carbon dioxide production) online (Cardiovit CS-200 Ergo-Spiro; Schiller). Patients were monitored continuously with a 12-lead ECG, and automatic blood pressure measurement was performed every 2 min.Vo 2peak (peak Vo 2 ) was expressed as the highest attainedVo 2 . CPET was performed at baseline and after 4 months. Body composition was assessed by bioelectrical impedance analysis (BF300 body fat monitor; Omron) [18] .
Biochemical analyses
Fasting blood samples were collected between 08.00 and 0.900 hours at baseline and after 4 months. Creatinine, total cholesterol, TAGs [triacylglycerols (triglycerides)], LDL (low-density lipoprotein)-cholesterol and HDL (high-density lipoprotein)-cholesterol levels were assessed immediately. Plasma was separated by centrifugation and aliquots were stored at − 20
• C. Circulating adiponectin concentrations were measured using a commercially available ELISA (Human adiponectin Quantikine ® ELISA; R&D Systems). Standards and samples were analysed in duplicate according the manufacturer's instructions. The minimal detection limit of the assay is 0.246 μg/l, with an intra-assay precision of 2.5 % for 19.8 + − 0.50 mg/l (n = 20) and inter-assay precision of 3.2 % for 12.5 + − 0.41 mg/l (n = 40). Internal controls were included (Quantikine ® ELISA kit Controls).
NT-proBNP (N-terminal pro-brain natriuretic peptide) was determined using a sandwich immunoassay on an Elecsys 2010 (Roche Diagnostics). The analytical range extends from 5 to 35000 pg/ml. The coefficient of variation was 1.3 % (n = 10) at a level of 221 pg/ml and 1.2 % (n = 10) at a level of 4091 pg/ml.
Statistical analyses
Results are expressed as means + − S.D. or medians (interquartile range) for non-Gaussian distributed parameters. The data were tested for normal distributions using the Kolmogorov-Smirnov test. Baseline characteristics of the groups were compared using a Student's t test or Mann-Witney U and Kruskal-Wallis test for continuous variables, as appropriate. A χ 2 test was used for categorical variables.
Pairwise comparisons (baseline compared with 4 months) were carried out using a paired samples Student's t test or Wilcoxon signed-rank test. Differences between the two groups (trained compared with untrained) and changes over time within each group (time effect), as well as any interaction (different trends over time between groups), were assessed using two-way repeated measures ANOVA. Linear regression analysis for the change in adiponectin was performed to identify possible relationships with other variables.
Because circulating levels of adiponectin, NT-proBNP TAG, CRP (C-reactive protein) and the measurements reflecting exercise capacity and LVEF were not normally distributed, correlations at baseline were determined with the non-parametric Spearman's correlation test. Multivariable linear regression analyses examining the correlates of circulating adiponectin levels included baseline variables that were associated with adiponectin at the P < 0.05 level in univariate analyses. P value < 0.05 was considered statistically significant. All statistical analyses were performed using the software package SPSS version 16.0.
RESULTS
Clinical characteristics
A total of 80 CHF patients were recruited in the present study. From the total group of 80 CHF patients, 46 consecutive patients were enrolled in a 4-month training programme, whereas 34 CHF patients served as an untrained CHF control group. As shown in Table 1 , both groups of CHF patient were well matched at baseline with respect to demographic characteristics, LVEF, functional NYHA class, aetiology, co-morbidities, medical treatment,Vo 2peak and laboratory measurements. HDL-cholesterol values at baseline were significantly higher in the untrained CHF group.
Circulating adiponectin levels
For the total CHF population (n = 80), adiponectin levels were significantly higher compared with healthy subjects (n = 10; mean age, 60.8 + − 5.0 years; and 60 % males) [9.3 Stratification of CHF patients according to the tertiles of NT-proBNP revealed a significant increase in adiponectin with disease severity (P < 0.0001; Figure 1 ). Adiponectin levels were significantly higher in female compared with male CHF patients [13.6 (9.5-19.3) and 8.2 (5.1-13.9) mg/l; P < 0.001]. The presence of chronic renal failure did not influence circulating adiponectin levels in our CHF patients (P > 0.05). After stratification according to disease aetiology (ischaemic or idiopathic), no significant differences were found between either group (P > 0.05).
Effect of exercise
Changes in exercise capacity and prognostic markers Table 2 shows the effect of 4 months of exercise training. A significant time × group interaction was observed between the trained and untrained CHF patients for the mean change in maximal workload (+ 33.4 + − 4.0 compared with − 0.4 + − 1.7; P < 0.001) and the mean change inVo 2peak (+ 1.8 + − 0.6 compared with − 0.5 + − 0.4; P = 0.003). Furthermore, exercise training resulted in a beneficial effect on work efficiency and NT-proBNP levels, and improved NYHA functional class significantly (P < 0.05 for the time × group interaction)
Changes in anthropometric data and biochemical characteristics
Training did not lead to a significant change in body weight or any other anthropometric data (fat mass, lean body mass, and waist and hip circumference). Lipoproteins remained unchanged, except for total cholesterol values which were significantly lower after 4 months of follow up in the untrained group (Table 2) .
Changes in adiponectin levels
Exercise training significantly reduced circulating adiponectin levels in CHF patients (P = 0.013; Table 2 ), whereas no significant changes were observed in the untrained control CHF group (Table 2) . A significant time × group interaction (P = 0.008) was observed for the mean change in adiponectin between the trained and untrained CHF patients (Figure 2) .
Linear regression analysis for the change in adiponectin confirmed the independent effect of exercise training on the decrease in circulating adiponectin level, after adjustment for associated baseline variables (NTproBNP, HDL-cholesterol, BMI (body mass index) and parameters reflecting exercise capacity) and for the change in variables with a significant difference after exercise training (Table 2) . 
Figure 1 Circulating adiponectin levels in healthy subjects and CHF patients according to severity of disease
Baseline circulating adiponectin levels in CHF patients (n = 80) and healthy control subjects (n = 10) are shown. CHF patients are divided into tertiles of baseline NT-proBNP levels, indicating increasing disease severity. Values are medians (interquartile range) and 5-95 % range. Differences among the groups were analysed using a Kruskal-Wallis test.
Figure 2 Change in adiponectin levels before and after 4 months in the trained and untrained CHF groups
Values are means + − S.E.M. P value indicates the time × group interaction.
In the present study, there was no difference between the type of exercise training (ET or CT) with respect to the decrease in adiponectin levels (P = 0.284 for time × group interaction).
Correlation with adiponectin
Adiponectin concentrations measured at baseline in the total CHF group (n = 80) were positively associated with NT-proBNP ( Figure 3 ) and were inversely correlated with an atherogenic lipid profile (TAGs, r = − 0.493, P < 0.0001; HDL-cholesterol, r = 0.480, P < 0.0001). As shown in Table 3 , a strong negative relationship 
Figure 3 Baseline correlation of NT-proBNP with adiponectin
Scatterplot showing the association between plasma adiponectin and NT-proBNP levels.
was found with the anthropometric results, with the exception of fat mass. Adiponectin correlated negatively with exercise capacity (Vo 2peak and maximal workload; Table 3 ). There were no significant correlations between adiponectin and LVEF, inflammatory parameters (CRP and sedimentation) or renal function.
On stepwise multivariable analyses, two parameters (i.e. high NT-proBNP and HDL-cholesterol) were significant independent predictors of baseline circulating adiponectin levels (Table 3) .
DISCUSSION
Although previous studies have already demonstrated increased adiponectin concentrations in patients with CHF, our present study is the first to evaluate the effect of exercise training on circulating adiponectin levels in CHF patients with systolic dysfunction. Several interesting findings emerged from the present study. (i) We have demonstrated for the first time that adiponectin levels in CHF can be modified by exercise training. Modulation of adiponectin levels in CHF patients occurs independently of possible confounders, such as baseline exercise capacity, LVEF, lipid profile and NT-proBNP levels. (ii) Circulating adiponectin levels were related to several baseline clinical and laboratory parameters. There was a clear positive relationship with NT-proBNP concentrations and HDL-cholesterol, and a negative association with TAGs and BMI. The present study extends these findings by including exercisetesting-derived prognostic markers and anthropometric parameters. (iii) Our results confirm that CHF patients are characterized by elevated adiponectin levels, which increase with disease severity. These findings support a role for adiponectin as a biomarker in CHF [11, 14] .
Adiponectin is an adipocytokine with known antiinflammatory, anti-atherogenic and insulin-sensitizing properties [9] . Adiponectin plasma levels have been found to be reduced in patients with Type 2 diabetes mellitus, obese subjects and patients with coronary artery disease. Moreover, lifestyle improvements, such as weight loss, increase adiponectin concentration. Paradoxically, in CHF patients, high adiponectin levels are associated with adverse outcome. Kistorp et al. [10] showed for the first time in 195 CHF patients that increased adiponectin is associated with poor outcome. This finding has been confirmed by others [11, 15] , demonstrating that adiponectin is an independent prognostic predictor of mortality and morbidity in CHF.
Despite all of the observational findings published recently concerning adiponectin and CHF, the mechanisms for an increase in the concentration of adiponectin in CHF remain to be elucidated.
Causes of increased adiponectin levels in CHF
Several hypotheses have been proposed to explain elevated adiponectin levels in CHF. CHF patients are characterized by numerous metabolic disturbances, among which insulin resistance and increased concentrations of NEFAs [non-esterified fatty acids ('free fatty acids')] have been repeatedly demonstrated [19, 20] . The existence of a hyperadrenergic state that increases the concentration of NEFAs in plasma in CHF patients had been identified a number of years ago [20] ; however, the crucial role of NEFAs in insulin resistance and its complications in the setting of CHF [2, 16, 21, 22] have only gained attention more recently. As adiponectin regulates glucose and fatty acid metabolism, increased adiponectin secretion might be a compensatory mechanism to attenuate NEFA-induced insulin resistance [14, 15] .
CHF patients are marked by a chronic low-grade inflammatory state, characterized by increased levels of circulating pro-inflammatory cytokines. The wellknown anti-inflammatory effects of adiponectin point to a possible physiological response in an attempt to suppress inflammation [9, 14] .
In accordance with previous studies [10, [12] [13] [14] , we have also shown in the present study a strong positive relationship between adiponectin levels and NT-proBNP concentrations. Adiponectin and natriuretic peptides behave similarly in CHF: both factors increase with disease severity, which makes these circulating peptides of great potential interest in serving as biomarkers, and it might be hypothesized that their increase is a compensatory mechanism. Sengenes et al. [23] identified a lipolytic and potential lipid-mobilizing effect of natriuretic peptides, which was mediated by specific adipocyte membrane receptors. It has been hypothesized that natriuretic peptides, through an increase in lipid mobilization, indirectly stimulate adiponectin levels [10] . A recent study [16] has demonstrated that exogenous ANP (atrial natriuretic peptide; carperitide) infusion for 7 days increased plasma total and high-molecular-mass adiponectin, thereby supporting previous statements that natriuretic peptides increase adiponectin levels via a functional GC-A receptor. In addition, two recently published studies, dealing with the relationship between adiponectin and BNP (brain natriuretic peptide) [24, 25] , endorse the fact that natriuretic peptides might have lipid-mobilizing effects.
Another explanation implies the existence of a functional adiponectin resistance [17] . This hypothesis is supported by a study published previously showing a decrease in mRNA and protein expression of the adiponectin receptor AdipoR1 in the left ventricle of infarcted mouse hearts compared with normal hearts [26] . Hyperadiponectinaemia may reflect defective compensatory mechanisms to overcome this adiponectin resistance.
Contrary with the suggested compensatory mechanisms, Nørrelund et al. [15] have suggested that high adiponectin levels might not be beneficial in patients with established CHF. On the basis of the proposed role of adiponectin to increase energy expenditure and induce weight loss through a direct effect on the brain [27] , previous studies consider high adiponectin levels as a marker of the wasting process that characterizes severely ill CHF patients [10, 15] .
Adiponectin and lipid profile
In spite of the paradoxical behaviour of adiponectin in CHF in terms of prognostic relevance, the anti-atherogenic association of adiponectin appears to be preserved. We found a positive and independent association between HDL-cholesterol and adiponectin, and a negative association with TAG. Our present results are consistent with the hypothesis of von Eynatten et al. [28] , who postulated that adiponectin may mediate part of its proposed anti-atherogenic properties by influencing HDL-cholesterol concentrations.
Although an atherogenic lipid profile is a well-known risk factor for the development of coronary artery disease and, hence, of CHF, it has indeed been shown that once CHF is established, these factors may provide protection against further progression, a concept known as reverse epidemiology [29] . The remaining anti-atherogenic property of adiponectin reflects the dyslipidaemic state in CHF. Adiponectin might be increased to overcome this dyslipidaemic state and thereby even worsening outcome in CHF patients. It might also be that adiponectin levels and the dyslipidaemic profile are not aetiologically linked to disease progression in CHF, but that they are simply markers of disease severity.
Adiponectin and the effect of exercise training
In the present study, there was a clear reduction in adiponectin levels in CHF patients following exercise training, independent of possible confounders such as gender, lean body mass, exercise capacity, lipid profile, LVEF and NTproBNP. The clinical relevance of this decrease is reflected in parallel and favourable changes in terms of exercise capacity as well as in a significant improvement in NYHA functional class. In addition, we found an important association of adiponectin with anthropometric data and exercise capacity, indicating the involvement of adiponectin in the regulation of whole-body energy metabolism.
The present study is the first to investigate the modulation of adiponectin levels in CHF. Several hypotheses can be put forward to explain the observed effect. First, the role of adiponectin in mitochondrial dysfunction might be relevant. The known impact of adiponectin on mitochondrial biogenesis in skeletal muscle [30] , which is severely disrupted in CHF [31] , might be affected by exercise training. Physical exercise is known to improve aerobic metabolism in CHF [32] and to partly reverse mitochondrial abnormalities. A second hypothesis relies on the role of adiponectin in the metabolic impairment in CHF, characterized by insulin resistance and increased circulating levels of fatty acids [15] . Exercise training might break through this metabolic vicious cycle and conquer adiponectin resistance. Improvement in insulin resistance, which is a well-known effect of exercise training in healthy subjects and diabetics, might subsequently result in lower adiponectin levels. In addition, the anti-inflammatory role of exercise training, as demonstrated by our group [5] and others [6] , could lower adiponectin levels. Finally, the close relationship demonstrated between circulating adiponectin and natriuretic peptides on the one hand and the fact that exercise training lowers NT-proBNP levels [7] supports the proposed co-regulatory role of NEFA metabolism and natriuretic peptides [14, 33] .
Limitations
First, the present study was designed as a prospective single-centre study comparing an exercise-trained CHF group with an untrained CHF control group. Randomization between the two treatment options would have increased the strength of the conclusions; however, considering the clear benefit of exercise training in CHF and the fact that patients were specifically referred to a tertiary Cardiac Rehabilitation Centre for exercise training, we considered randomization ethically unacceptable. Although the difference was not statistically significant, it may appear that our trained patients are more severely diseased. This notion is based on increased NT-proBNP levels and lower LVEF; however, another important prognostic parameter and indicator of disease severity,Vo 2peak , was similar in both groups.
Secondly, two different training protocols were applied: ET and CT. Both training modalities were routinely used and are considered as standard treatment at our Rehabilitation Centre at the time of inclusion. Depending on the patients' characteristics, such as severe muscle wasting, dynamic resistive exercises were incorporated into the training programme. The aim of the present study was to investigate the effect of an intervention, i.e. a training programme, on circulating adiponectin levels in the CHF population, without differentiation according to training modalities. A subanalysis performed in the present study population did not detect any difference between the type of exercise training (ET compared with CT) on circulating adiponectin levels. However, we admit that this might be due to the relatively small numbers of patients in each training group. The elaboration of a possible differential effect of the type of exercise training will be the subject of future studies.
Thirdly, the possible effect of drugs on circulating adiponectin levels should be taken into account. ACEIs (angiotensin-converting enzyme inhibitors) have been reported to increase circulating adiponectin levels, whereas β-blockers decrease adiponectin levels [34] . These drugs were, however, routinely prescribed to all CHF patients, with no significant differences in the use between the trained and untrained CHF patients. In addition, medical treatment was not changed during the study period. The effect of statins on circulating adiponectin levels is dependent on the population studied and remains a controversial topic. The untrained CHF group in our present study appears to have a higher percentage of statin intake. The treatment, however, was initiated well before enrolment in the study and remained stable during the study period. Therefore it appears unlikely that this issue explains the evolution of adiponectin.
Conclusions
In conclusion, the present study has demonstrated for the first time that high adiponectin levels are reduced following exercise training in patients with CHF. The importance of adiponectin in CHF might be extended from its role as a biomarker with proven prognostic value to a pathophysiological link between the energetic (mitochondrial dysfunction) and metabolic (insulin resistance) abnormalities in CHF. Our present findings, together with those from other studies, suggest that dysregulation of the adiponectin pathway contributes to the observed metabolic impairment in CHF. Further exploration of the adiponectin signalling pathway downstream the receptor in skeletal muscle might allow potential target-specific pharmacotherapy and might provide a fundamental insight in the modulatory role of exercise training.
